The trade-off between breathability and strength properties has (grudgingly) been accepted by producers of microvoided film, such as for diaper backsheet. The key resin, additive, film fabrication, and film stretching parameters that impact moisture vapor transmission as well as the physical attributes of the film have been identified. The understanding of these complex interactions provided the basis for modification of the polyethylene (PE) molecular architecture that promotes both high MVTR and high-strength properties in microvoided films. This information has resulted in new polyethylene resins for the breathable film market.
Background
Modification of polymers through careful formulation is very important in industry today, allowing for the tailoring of desired properties. Mineral filled polymers are particularly attractive in certain systems for the enhancement of properties while simultaneously reducing cost. [1] For example, blends of high density polyethylene (HDPE) with moderate amounts of filler such as CaCO3 have been shown to have improved impact properties, attributed to an increase in HDPE shear yielding. This behavior is induced by debonding at the HDPE/CaCO 3 interface, creating voids (analogous to cavitation in rubber impact modified thermoplastics).
[2] This debonding behavior can also be utilized for applications where the transmission of water vapor is important; e.g., personal care market. [3] Polymer is compounded with large amounts (>35 wt% typically) of an appropriate mineral and formed into film. This film is then stretched at temperatures below the softening point of the polymer matrix to create an interconnecting network of microvoids produced by debonding at the polymer/mineral interface ( Figure 1a and Figure  1b) .
In these systems, the type and loading of CaCO3 and the extrusion, stretching, and post-stretching processing conditions affect the properties of such materials. [4] [5] [6] These porous materials can be used for many applications such as diaper back sheets, sanitary napkins, medical protective garments, surgical incise drapes, transdermal patches, wound care bandages and dressings, intravenous site dressings, ostomy site dressings, breathable housewrap, among others. An important property, but not always scientifically obvious is the need for comfort, or a garments ability to maintain a balance between heat production and heat loss. The loss of heat may occur through direct dry heat loss or by moisture evaporation. In respect to the latter, the moisture vapor transmission rate of the material utilized in forming the garment is generally related to the breathability of the material. Breathability is the ability to diffuse moisture/water vapor through a film or garment. There are many types of products that offer combinations of these properties such as microporous polyethylene often used in the production of breathable diaper manufacturing. Many studies have been performed on these types of systems and equipment/methods used to produce them, and information can be found in both patent and scientific literature. [7] [8] [9] [10] [11] [12] [13] For most of these systems there exists the primary trade off between breathability and performance as shown in Figure 2 .
This behavior is brought about primarily through density in its effect on modulus. In general, a higher density results from more crystallinity and thus in a higher modulus. Therefore during stretching the energy goes primarily into pore formation (energy to create a new surface) rather than into yielding of the matrix (energy to disrupt crystalline structure). Reducing the density, and thus the modulus/crystallinity, is manifested during stretching through energy transfer via matrix yielding instead of the creation of pores. This can most simply be viewed as a balance in energy requirements to initi-ate and continue a process. However, there is a trade-off inherent after deformation from stretching. Because the higher density resins are higher in crystallinity, the orientation of polymer chains after film stretching combined with a lack of amorphous tie molecules, results in a film with poor mechanical properties. Equally, the stretched film formed from a lower density resin, has less total orientation and a higher amorphous tie chain content to maintain oriented structural integrity and mechanical properties, although at the expense of a lower MVTR relative to the higher density resins [14] . It is the goal of this work to break this relationship and push the typical limits of this breathability-property relationship. In the process of this study, although much will not be discussed at this time, the effects of filler loading and type, compounding, film formation, and film stretching were examined. Of primary interest is the effect of polyethylene resin molecular structure.
Experimental
The polymerization process utilized to prepare the polyethylene-co-hexene was carried out in a fluidized-bed reactor for gas-phase polymerization, consisting of a vertical cylinder of diameter 0.74 meters and height 7 meters and surmounted by a velocity reduction chamber. The catalyst used was ZieglerNatta in nature (proprietary). Multiple resins were prepared with varying melt index (MI), density, and specific catalyst type. Additionally, two commercial polyethylenes were used in this study of roughly 0.917 density and 2.3 melt index.
In preparing the compositions of the examples herein, the polyethylene component and the filler were compounded in a Kobelco continuous mixer model NEX-T60. The mixer was operated at 400ºF, a mixing speed of 800 rpm, and a production rate of 200 lbs/hour. The polyethylene component and the filler were fed to the mixer to produce a polyethylene filler composition containing 50 wt% filler. Additionally, 100 ppm Dynamar FX 9613 processing aid (supplied by Dyneon, Oakdale, MN) and 150 ppm Irganox B215 antioxidant (supplied by Ciba Specialty Chemicals Corporation, Terrytown, NY) were added to the polyethylene filler composition during mixing. The filler utilized was SUPERCOAT calcium carbonate supplied by English China Clay under the registered trademark SUPERCOAT calcium carbonate, reported as being 97.6% calcium carbonate (prior to surface treatment) with a mean particle size of 1 micron (top cut of 10 microns) and surface area of 7.2 m 2 /g (determined by BET). Blown films were produced from the polyethylene compositions of the present invention by introducing the composition into the feed hopper of a 2.5 inch Egan extruder with a 24/1 Length/Diameter. The film was produced using a circular 6 inch Sano die having a gap of 0.088 inch (88 mils) and dual air lips. The extrusion conditions used to process the filled polyethylene compositions (referred to as resins) were as follows:
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Figure 2 TYPICAL RELATIONSHIP FOUND BETWEEN MECHANICAL PROPERTIES AND BREATHABILITY (MVTR) OF MICROPOROUS POLYOLEFIN FILMS
In processing the filled polyethylene compositions, the parameters held constant were output rate (89lb/hr = 4.7lb/hrin die circumference) and blow-up ratio of 2.4:1. More information regarding the synthesis of these novel polyethylenes, or novel polyethylenes prepared from indirect blending methods can be found elsewhere. [15, 16] Films were stretched by two different methods, Interdigitation and roll-to-roll. This report presents results from both of these stretching processes. The roll-to-roll stretching process is shown in Figure 3a .
The filled film is passed over preheat rolls 1 and 2. The heated film then enters the stretching region of the process (between rolls 3 and 4) where roll 4 is rotating at a speed faster than roll 3, thereby controlling the stretch ratio. The film is then passed over heat-set/cooling rolls 5 and 6 to then be collected on the take-up roll. Films made by this method were prepared at Marshall and Williams Company, Plastics Machinery Division (Providence, RI) using the roll-to-roll method. Films were stretched to uniformity at both 10 and 20 o C below the Vicat softening point. Note that the microporous film shown in Figure 1b was prepared via the roll-toroll stretching process.
Interdigitation is a stretching process that is well known in the art whereby the filled film, while under tension, is passed between intermeshing, grooved cylinders or intermeshing disks (Figure 3b ).
Machine direction stretching is accomplished by passing the film through a gear-like intermeshing cylinder pair and transverse stretching is accomplished by passing the film through a disk-like roller pair. Each point of contact with the grooves or disks applies localized stress to the film. It is at these points that the film stretches. The resulting stretched film consists of narrow, parallel bands where stretching has occurred separated by bands of unstretched film. The amount of stretching is governed by the amount of interengagement between the grooved cylinder pair or the intermeshing disk pair. Pores in films stretched by this process are found in the stretched bands. When the interdigitation process stretches films biaxially, a crosshatched pattern of stretched bands is produced. The examples shown here of films stretched biaxially at room temperature by the interdigitation method were prepared at Biax FiberFilm Corporation, Greenville, Wisconsin. See Figure 4 for an example of a film stretched biaxially by the interdigitation process.
Further information on the interdigitation method may be found in U.S. Patent No. 4,116,892 and PCT WO 00/23255. The stretch ratio was held constant at a 1.1x machine direction stretch followed by a 1.125x transverse direction stretch. The stretch ratio is determined by drawing a 1 inch diameter circle on the film and then passing this film through the intermeshing grooved cylinder pair or intermeshing disk pair. The circle diameter is then again measured, in the direction, yielding the stretch ratio.
In this work, the test procedures listed below were used in evaluating the analytical properties of the polyethylene component, and the physical properties of the films produced from the compositions of the polyethylene component and filler.
(a) Density -ASTM D4883; units are g/cc (grams/cubic The weight loss data is plotted and the slope of the straight line is the rate of the water vapor transmission through the film. The slope of the line is then divided by the area of the sample tested to obtain a normalized MVTR.
(f) Temperature Rising Elution Fractionation (TREF) experiments were performed with a Polymics CAP-TREF system (Polymics, State College, PA). The analytical TREF profile generates the weight percent of the various density fractions contained in the polyethylene ( Figure 5) .
Two TREF experiments were required to complete the analyses. The first one uses the analytical TREF profile to generate the weight percent of the high temperature (HT) fraction. The second one uses the fraction collection TREF profile for acquisition of the HT fraction. Sample polymer solutions for TREF were prepared by dissolving the polyethylene into the solvent 1,2,4-trichlorobenzene (TCB) at a level of approximately 0.15g polyethylene in 15 mL TCB in glass vials. The TCB used for the TREF and gel permeation chromatography (GPC) contained approximately 2g of 2,6-ditert-butyl-4-methylphenol (BHT) per 4000 mL TCB as an antioxidant. The polyethylene was dissolved into the TCB by heating the samples for 4 hours at 160ºC in a Reacti-Therm III heating/stirring block (Pierce, Rockford, IL). The crystallization support, CHROMOSORB P (Sigma, St. Louis, MO), is a 45-60 mesh acid washing diatomite. The CHRO-MOSORB P support was also heated to 160ºC and approximately 8 grams of the hot CHROMOSORB P support was added to the polymer solutions after all of the polyethylene was completely dissolved into the TCB. These 160ºC samples containing the polyethylene, TCB, and CHROMOSORB P support were then capped and the vials were then transferred to the crystallization oven (Despatch LAC, Despatch Industries, Minneapolis, MN) that had been pre-warmed to 150ºC. The crystallization oven was then programmed to equilibrate the samples at 150ºC for 2 hours before cooling the samples at a rate of 2ºC/hour to a temperature of 30ºC. Chilled water was piped into a heat exchanger at a flow rate low enough to not disrupt the oven high temperature yet permit complete cooling to 30ºC. The polymer and TCB containing CHROMOSORB P support were then packed into analytical TREF cartridges and run in the Polymics CAP TREF using an analytical TREF profile. The analytical profile maintained the samples at 25ºC for 5 minutes and a flow rate of 10 ml/min before heating to 135ºC at a heating rate of 200ºC/hour and a flow rate of 20 ml/min. The eluent was the TCB described above. The weight percent of the high temperature fractions (%HT) was defined as the proportion of material eluting above 90ºC as determined from the cumulative weight fraction curves of the analytical TREF experiments. The results of TREF are reported as wt% HT.
A second analytical TREF experiment was needed for the collection of the high temperature fraction of the polyethylene. The sample preparation was identical to the method described above. The fraction collection profile was similar to the analytical profile described above except that when the column temperature reaches 90ºC it is programmed to isotherm at that temperature for 10 minutes. After the 90ºC isotherm the solvent outlet line is moved to a beaker to collect the material that melts above 90ºC while the program proceeds by ramping the temperature to 135ºC at a heating An approximately equivalent volume of acetone was added to the effluent while stirring. The mixtures were then allowed to cool to room temperature and the precipitated polymer was then filtered off using a vacuum filtration system with a 0.45 mm ZEFLUOR PTFE membrane filter (Pall Gelman Sciences, Ann Arbor, MI). The collected polymer was washed with excess acetone and was then collected by scraping it off the filter using a razor blade.
(g) Average Molecular Weight -GPC analyses to determine average molecular weight were performed on the isolated polyethylene fractions collected during the TREF analysis using a Polymer Labs GPC 210 system (Polymer Laboratories, Amherst, MA) using TCB as the solvent. The GPC samples were prepared by dissolving approximately 1 mg of the isolated polyethylene fractions into approximately 1 mL of TCB. The samples were dissolved in glass vials at 160ºC for 4 hours using the Pierce Reacti-Therm III heater/stirrer and were then filtered using glass wool stuffed pipettes in an aluminum block heated to 160ºC. The GPC columns and detectors were maintained at 160ºC. The autosampler carousel hot zone was maintained at 160ºC while the warm zone was kept at 100ºC. The instrument uses both a Viscotek 210R viscometer (Viscotek Corporation, Houston, TX) and a Polymer Labs refractive index detector (Polymer Laboratories, Amherst, MA). The injection loop was a 200mL and the flow rate was 1.0 mL/min. The column set consisted of three Polymer Labs Mixed B 300x7.5 mm columns and one Polymer Labs Mixed B 50x7.5 mm column (Polymer Laboratories, Amherst, MA). The system was calibrated using a set of narrow molecular weight distribution polystyrenes ranging from 7.5 million to 7,000 g/mol (Polymer Laboratories, Amherst, MA). The GPC data collection and molecular weight calculations were performed using the TriSEC v3.0 software (Viscotek Corporation, Houston, TX). The molecular weight calculations were based on the Universal Calibration method as described by Benoit et al. in the Journal of Polymer Science, part B, volume 5, page 753, published in 1967. The results of GPC analysis are reported as number average molecular weight in g/mol.
(h) The morphology was examined by both SEM LEO Gemini 982 (2kV) and optical microscopy Wild Makroscop M400.
Discussion
A period of time was dedicated to this work for exploratory studies in order to determine which variables have the largest effect on film properties. Some of the more critical variables identified were stretching temperature/method, polyethylene resin density, melt index, and molecular architecture. Based on this exploratory work, a well-controlled designed experiment was performed to examine these specific variables. Contour plots were generated for a wide variety of responses as a function of these variables, such as shown in Figure 6 . For these series of resins, multiple equations (proprietary) were developed in the form of: Property = function (Molecular Composition, MI, density, stretch condition/temperature) Based on these results, combined with extensive and detailed TREF examination of the experimental design resins, a route was discovered that allowing for a push beyond the upper bound via control of the molecular architecture and molecular weight of the HT fractions of the LLDPE resin (examined from TREF) (Figure 7 ).
An explanation for this behavior lies in a term known as the characteristic draw ratio (CDR) as shown in Figure 8 for films prepared by the roll-to-roll method. In general the CDR describes the distance a given film must be drawn to achieve uniformity.
Prior to this discovery, it was common to make compar-
Figure 6 REPRESENTATIVE RESPONSE SURFACES DERIVED FROM AN EXTENSIVE DESIGNED EXPERIMENT FOR FILMS STRETCHED BY THE ROLL-TO-ROLL METHOD

Figure 7 EFFECT OF THE MOLECULAR WEIGHT FROM SPECIFIC MOLECULAR POLYETHYLENE TREF FRACTIONS (HIGH DENSITY FRACTION) ON MVTR (FILMS STRETCHED BY THE ROLL-TO-ROLL METHOD)
isons of MVTR to stretch conditions, MI and density -see Figure 9 . As will be discussed shortly the CDR is, in general, a function of stretch temperature, melt index, density, and molecular architecture -collapsing all of the variables shown in the previous figure into a single variable. Figure 10 shows the relationship between the CDR for the same resins shown in the previous figure and their MVTR values -illustrating the convenience of examination of the data via this method. The theory around this relationship is that the individual pores created during the stretching process will scale with the CDR, where resins with higher CDR's will inherently have longer pores. [17] These longer pores will have higher statistical chances of intersecting with adjacent pores, allowing for the generation of more continuous paths across the through thickness of the film. This theory is collaborated by work presented by Mandelkern [18] and Peacock [19] where their work has confirmed the effects of molecular architecture, molecular weight, and temperature of various systems on the characteristic draw ratio. Likely the most significant finding from this referenced work is that for a given density material, the characteristic draw ratio increases with decreasing molecular weight. Additionally, for a given molecular weight, the characteristic draw ratio increases with increasing density. Decreasing the molecular weight of the overall polyethylene would lead to loss is certain mechanical properties; however, as Mandelkern and Peacock showed, the strongest influence on draw ratio appears to come from density. Hence, it was determined that by controlling the molecular weight of just the high density fraction of the polyethylene (% HT); i.e., keeping the molecular weight low, one could get the desired effect of higher draw rations while the total polymer molecular weight is still maintained at an acceptable level.
This new information allowed a redesign of resin formation technology disclosed Eastman patents [15, 16] to push into the upper bound discussed earlier. As shown in Table 1 , for films prepared by the interdigitation method for a similar melt index and density, the new technology which produces resins with the ideal molecular architecture alluded to in this work has superior properties than the commercially available comparatives. Additionally, this work forms an excellent complement with a prior study regarding diffusion modeling through these films [9] . It was concluded that an increase in MVTR for microporous films like those presented here is a consequence of the creation of more pores. Additionally, from mathematical models presented, it was shown that the pore radius decreased with increasing MVTR, which of course seems counterintuitive. However, in light of the work presented here, this now becomes logical. For a given volume of film, higher draw ratios lead to more chance for pore connection, as discussed above. If more pore volume is created within a given total volume (pore + mineral + polyethylene), and it is shown that more pores are being created, then the observed pore radius must of course decrease to avoid violating common physical laws of conservation.
Conclusions
The performance of microporous polyethylene is in general accepted to be a function of the density and MI of a resin for equivalent formulations stretching conditions. It is desirable to produce microporous films having the toughness of a common lower density resin and the MVTR of a common higher density resin. It has been shown here a method to achieve this combination where the molecular weights of specific LLDPE fractions are controlled to increase MVTR while maintaining properties. This effect is shown to be related to the characteristic draw ratio. 
